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ABSTRACT: The aggregate glue in spider webs is composed of hygroscopic low
molecular mass compounds (LMMCs), glycoproteins and water. The LMMCs
absorb atmospheric water and solvate the glycoproteins to spread and adhere to
flying insects upon contact. The glue viscosity varies with humidity and there is an
optimum range of viscosity where the adhesion is maximum. LMMCs composition
and the humidity at which glue viscosity is optimized vary greatly among spider
species. These findings suggest that spiders adapt to forage in diverse habitats by
“tuning” LMMCs composition or how LMMCs interact with glycoproteins to
control water uptake and adhesion. To test these hypotheses, we analyzed the
LMMC:s for spiders from diverse habitats and performed water uptake studies on
intact glue droplets, isolated glue constituents, and synthetic LMMCs. Even though
glue droplets showed differences in water uptake among spider species, we found no
differences among species in hygroscopicity of natural or synthetic LMMCs
mixtures. This demonstrates that LMMCs composition alone is insufficient to
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explain interspecific differences in water uptake of spider glues and instead support the hypothesis that an interaction between
LMMCs and glycoproteins mediate differences in water uptake and adhesion.

1. INTRODUCTION

Water in bulk or vapor form has always been a roadblock in the
performance of synthetic adhesive systems.'”® On the other
hand, many biological adhesives stick well in the presence of
water”'? or high humidity."'~'® Apart from their structural
design, the material composition of these natural adhesives
contributes to their exceptional performance in the presence of
water or humidity. Hence, there is an immense need to
understand the design strategy of natural systems to improve
adhesion in synthetic systems as well as to fabricate adhesives
that can work in the presence of humidity.

While many biological adhesives function at high humid-
ity,"' 7' prey capture adhesives produced by spiders'’ ™"’ is a
good system for investigation because they routinely function
at fluctuating or high humidity. The sticky capture silk used by
araneoid spiders for trapping walking and flying insects,
consists of an axial thread of either stretchy flagelliform silk in
orb webs or stiffer major ampullate silk in cobwebs coated with
microscopic drops of glue from the aggregate silk gland made
up of a mixture of organic/inorganic low molecular mass
compounds (LMMCs), glycoproteins, and water.'” " Glyco-
proteins make the glue viscoelastic,”> such that adhesion
increases at high peeling rates to trap struggling insects while
lasting elasticity retains insects over longer periods of time.'®*?
The humidity response of the capture silk is frequently
attributed to the presence of a complex mixture of hygroscopic
organic and inorganic LMM(Cs. > 72528223137739 1 general,
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LMMCs bear resemblance to biomolecules that serve critical
functions in living organisms. These include roles such as (1)
osmolytes to maintain internal cellular osmotic pressure to
balance the external fluid environment,** (2) neuromodula-
tors/neurotransmitters,’’ and (3) stabilizers for protein
conformation.*’ In capture silk, LMMCs collect water from
the environment and make the glue tacky so that it sticks to
natural surfaces including insect cuticles.”” The LMMCs are
present in the water-soluble mass of the glue, which accounts
for about 30—60 wt %, of the total mass of the dry web.”® The
water-soluble mass consists ~60 wt % organic LMMCs
composed of mostly polar aliphatic compounds, such as
glycine, betaine, choline, putrescine, GABamide, and isethionic
acid bearing amine, sulfonate, or acetate functional-
ities, > ~>>?$2313773% and ~10—20 wt % inorganic LMMCs,
which include Ca®**, H,PO;, NOj, Na*, and K*
iong, 23 2531,38,39

There are a number of hypotheses for the function of a
complex cocktail of LMMCs in the glue droplets.”*® The
LMMC:s in the glue droplets are hygroscopic and help to retain
water in the glue droplets.”>*' Inorganic/organic LMMCs play
a critical role in solvating the glycoproteins.”> When the
LMMC:s are washed off, the glue is no longer sticky even after
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adding external water to the glue droplet.”® Other suggested
roles include imparting anti-UV and antimicrobial properties,
inhibitors for crystallization of the axial flagelliform silk
proteins, and acting as toxic agents for prey capture.zs’38
However, only the water absorption and glycoprotein solvation
hypotheses have empirical support, so the primary function of
the LMMC:s is likely increasing adhesion. %37 However, it is
still not clear why such a wide variety of LMMC:s are present in
aggregate glue.

Vollrath et al. discovered the LMMC:s in the glue droplets
and showed that they are hygroscopic.’’ Townley et al.*®
studied the water uptake in different orb-weaving spiders
(Argiope aurantia, Argiope trifasciata, and Araneus cavaticus)
and demonstrated that the LMMCs are more hygroscopic than
the insoluble protein components of the web. But the degree
to which LMMCs composition controls variation in glue
hygroscopicity and adhesion still remains unexplored. The
recent finding that many species of spiders share an optimum
viscosity for glue adhesion, but achieve that viscosity at very
different atmospheric humidities suggests that LMMCs
composition may tune water uptake such that spiders in dry
habitat may have LMMCs that absorb water at low relative
humidity compared to spiders from wet environments.'" This
leads to two possible, nonmutually exclusive hypotheses for the
role of LMMC:s in tuning adhesion at very different humidities
for diverse glues: (1) Controlling the “hygroscopic strength” of
glue droplets. The diverse LMMCs may vary in hygroscopic
response across different humidity environments so that when
present as mixtures in the glue droplet, their combined
hygroscopic activity can tune the overall water uptake of the
glue droplet to achieve optimum viscosity at specific RH. (2)
Optimizing interactions with glycoproteins: Although glyco-
proteins of spiders have not been sequenced extensively,
chemistry specific interactions between glycoproteins and
LMMCs may help to generate humidity responsive adhesion
so that water uptake by LMMCs alone will not correlate with
variation in glue performance.

In the present study, we explore the link between
composition and hygroscopicity of LMMCs with adhesion.
We hypothesize that differences in the hygroscopicity of
LMMCs composition across species controls variation in
adhesion by determining water content, and hence viscosity, of
the glue droplets at different humidities. To test this
hypothesis, we selected species from significantly different
foraging conditions'*” to study the hygroscopic properties of
their glues and its individual components. First, we describe
the chemical composition of organic LMMCs of four species
from different habitats. Second, we measure the water uptake
of suspended pristine glue droplets (glue in its native form
consisting of LMMCs and glycoproteins) in the presence of
humidity. Third, we decouple the glue components (LMMCs
and glycoproteins) and study the humidity response of
“LMMCs” in three different sample types: (a) individual
synthetic organic LMMCs found in glue droplets, (b) LMMCs
mixtures extracted from capture silk threads, and (c) synthetic
LMMCs mixtures mimicking LMMCs compositions in capture
silk. Lastly, we test the hygroscopic response of the
glycoproteins obtained after washing of the LMMCs from
capture silk threads.

2. MATERIALS AND METHODS

2.1. Procurement of Capture Silk Threads. We choose four
spider species utilizing different microhabitats: the orb-weavers
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Argiope trifasciata (open fields; Blacksburg, Virginia), Larinioides
cornutus (near water bodies; Akron, Ohio), and Tetragnatha laboriosa
(above water; Akron, Ohio)'' and the cobweb-weaver Latrodectus
hesperus (widespread across different habitats including semi-
arid®”*** purchased from Bugs of America, Arizona). In addition
to belonging to different microhabitats, the orb web weavers Argiope
trifasciata, Larinioides cornutus, and Tetragnatha laboriosa were
selected because each of their glues show maximum adhesion at
different humidity conditions (30%, 50%, and 90% RH, respec-
tively)."' On the other hand, the cobweb weaver Latrodectus hesperus
was selected as it shows a constant adhesion across a range of
humidity conditions (30—90% RH).””** The difference in the
adhesive response of each species provides us with the criteria to
check our hypothesis of water uptake by organic LMMCs dictating
maximum adhesion. Larinioides cornutus, Argiope trifasciata, and
Latrodectus hesperus procured from above-mentioned locations were
housed in custom built cages in the laboratory to aid web building and
subsequent web/thread collection. Freshly spun capture silk from the
webs of Tetragnatha laboriosa was collected by directly winding whole
webs on cardboard frames and glass pipettes from their natural habitat
near the Cuyahoga river (Akron, Ohio), since Tetragnatha rarely built
webs in the laboratory setting.

2.2. Solution-State NMR Measurements. The composition of
LMMCs present in the capture silk of the spiders in the study was
measured using Solution State NMR. Individual glass pipettes covered
with whole orb webs (Argiope trifasciata ~ 10, Larinioides cornutus ~
60, and Tetragnatha laboriosa ~ 25) were collected. In the case of
cobweb weaver Latrodectus hesperus, the sticky capture glue present in
lower part of the web as individual vertical strands known as gumfoot
silk were collected. About 750 of gumfoot strands were collected for
analysis.®” The collected capture silk from each of the species was
washed with deionized water for 10 min followed by lyophilization of
water washings to get LMMCs (Figure S1). A part of the extracted
LMMCs mixtures for each spider silk was dissolved in 99.96%
deuterated water (1 mL) (Cambridge Isotope Laboratories) and filled
in the 5 mm NMR tube (Norell) for chemical characterization. All 'H
experiments were carried at 298 K on Varian Mercury 300 MHz
spectrometer. For quantification, proton spin—lattice relaxation
experiments were performed and the longest relaxation time was
about 4 s for each of the extract sample. So, accordingly, 'H
experiments were conducted by setting the recycle delay to 5 X T, ~
20 s, respectively. The "H experiments were conducted with scan size
~512, acquisition time ~2.9 s, and pw90—15—22 us. The peaks were
analyzed and integrated with ACD/NMR software to calculate the
relative composition of each LMMC in the glue.

2.3. Hygroscopicity of Suspended Pristine Glue Threads.
The hygroscopic water uptake of the suspended pristine capture glue
threads was measured by monitoring the change in volume using a
Olympus BXS3 microscope with 20X and 50X objectives and a
Photron FASTCAM SA3 camera at different relative humidities.'' A
custom-built humidity chamber controlled the ambient humidity
around the capture silk mounted on a glass fork. The same glue
droplet was observed as the humidity was increased from 10%, 30%,
60% to 90% RH. At each humidity, the droplet was observed to
equilibrate quickly but pictures were taken after S min for consistency.
The droplet volume was calculated using the formula defined by Liao
et al.** The change in volume of the glue droplet is assumed to be
only because of the water uptake and hence, the increase in glue
droplet volume is measured at different humidities. Please note that
the volume measurement from imaging is the actual glue volume
increase, which includes the effect of glue compositions, size and
droplet curvature. A sample of 12—20 glue droplets from 3—5 spiders
were tested for each spider species. A two-sample ¢ test was used to
compare the changes in volume.

2.4. Hygroscopicity of Synthetic Organic LMMCs, Natural
LMMCs Extracts, Synthetic LMMCs Mixtures, Washed Glue
Threads, and Pristine Immobilized Glue Threads. To under-
stand the hygroscopic nature of different components of glue, we
measured the water uptake of a variety of samples that included the
following: (a) Synthetic organic LMMCs (Figure 1a), in order to
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Figure 1. Water uptake measurements. (a—e) Different types of samples for water uptake measurements: (a) synthetic organic LMMC (L-proline
shown here), (b) extracted LMMCs in a centrifuge tube after lyophillization, (c) synthetic mixture mimicking LMMCs recipe from glue of
Tetragnatha laboriosa, (d) washed capture silk, and (e) pristine immobilized glue threads on an aluminum foil. All natural samples (b, d, and e)
shown are related to the capture silk from the webs of Larinioides. (f) Set up for water uptake experiments showing different parts, including the

custom-built humidity controller and Cahn Microbalance.

establish the individual hygroscopic response of various LMMCs
present across glues of diverse species of spiders; (b) Natural
extracted LMMCs mixtures from whole webs (Figures 1b and S1), to
understand the hygroscopic nature of the cocktail of LMMCs based
on the composition they are found in the capture silk; (c) Synthetic
LMMC mixtures (Figure 1c) prepared based on the composition
found in glue, to compare the activity with natural extracts; (d)
Washed capture silk (Figure 1d) to study the trend in water uptake of
capture silk threads in the presence of only glycoproteins; and (e)
Pristine immobilized glue threads (Figure le), to compare with
washed capture silk and separate the hygroscopic response of LMMCs
from glycoproteins.

Method of Measurement. The hygroscopicity of the five different
types of samples described above was established by studying the
water uptake using a Cahn microbalance attached to a custom-built
humidity set up (Figure 1f). The microbalance was fitted with an
acrylic sheet that served as inlets for hygrometer (VWR) and
humidified/dry air. The sample placed on preweighed aluminum foil
was loaded on the suspended pan in the microbalance. To confirm
there was negligible uptake by aluminum foil, control experiments
were performed with empty foil throughout the range of conditions
(30%, 60%, and 90% RH). The sample was dried at 10% RH until a
constant reading displayed on the readout. This mass of the aluminum
foil was subtracted from the mass of the dried sample to obtain the
mass of the sample. Next, the humidity was increased to 30%, then
60%, and finally 90% RH, and at each humidity after the desired
environment was equilibrated, readings were taken at every 5 min for
a total of 20 min. In case of individual synthetic LMMCs, the sample
was kept in an oven at 50—60 °C for 30 min to expel water and then
immediately transferred on the pan in microbalance and dried again at
10% RH, followed by steps discussed previously. The final reading at
each humidity (30%, 60%, and 90% RH) was taken for calculating the
% water uptake in each case. The water uptake was normalized to the
weight measured at 10% RH condition. A set of three measurements
were done for each type of sample. The statistical analysis was carried
out using ANOVA.

Sample Preparation. a. Synthetic Organic LMMCs. The LMMCs
included N-acetyl putrescine, betaine, GABA, isethionic acid, choline
chloride, taurine, putrescine, L-proline, f-alanine (all from Sigma-
Aldrich), N-acetyl taurine (synthesized in laboratory),” GABamide
(provided by Dr. M.A. Townley, University of New Hampshire), and
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glycine (Calbiochem). About 1—-2 mg of LMMC was taken on a
preweighed aluminum foil and analyzed for the uptake.

b. Natural LMMCs Extract from Webs. Whole webs collected on
glass pipettes from Larinioides cornutus (~20 webs), Argiope trifasciata
(two sets of samples with 25 and 17 webs each, respectively),
Tetragnatha laboriosa (~20 webs), and Latrodectus hesperus (two sets
of samples with 725 and 380 gumfoot strands each, respectively) were
washed as per procedure described in the solution state NMR section.
The LMMC:s extract was then placed on previously weighed strip of
aluminum foil to initiate the measurements.

c. Synthetic LMMCs Mixtures. Two set of synthetic mixtures based
on the LMMCs compositions of Argiope trifasciata and Tetragnatha
laboriosa were prepared by mixing the individual synthetic organic
LMMCs described above. Both these spiders were selected because
their adhesion shows maximum at drastically opposite humidity
values) Argiope ~ 30% RH and Tetragnatha ~ 90% RH). Therefore,
these systems become ideal choices to test whether LMMCs
compositions dictate adhesion differences. The recipe of each mix
was based on the composition found by NMR analysis in the present
study (see Results and Table S1). About 10 mg of mix was prepared
by weighing the respective LMMCs and placing them in a glass
petridish. The petridish was then placed overnight in a small humidity
chamber to initiate homogeneous mixing of the compounds. After a
clear liquid pool was formed, a drop of mixture (~1—2 mg) was taken
with a micropipette and placed on a preweighed aluminum foil,
followed by conducting the water uptake measurements described
previously.

d. Washed Capture Silk. Two to three webs of Larinioides cornutus
and Argiope trifasciata were collected on glass pipettes and given
repeated washes in deionized water to remove the water-soluble
compounds. The pipet with the washed silk on it was then allowed to
dry overnight in air. Later, the dried silk was scrapped from the pipet
and used for measurements.

e. Pristine Immobilized Capture Silk. Freshly spun pristine sticky
silk threads were collected on a strip of aluminum foil directly from
the webs of Argiope trifasciata and Larinioides cornutus and used for
measurements. The silk, from the two species, Larinioides cornutus and
Argiope trifasciata was used for analysis (comparison between washed
and pristine) due to ease of sample procurement and preparation. All
biological samples were stored in refrigerator and synthetic LMMCs
in desiccator until measurements were done.
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Figure 2. Diversity of organic LMMCs in capture silk. (a—d) "H solution-state NMR spectra of the extracted LMMCs mixtures from the webs of
Latrodectus hesperus, Argiope trifasciata, Larinioides cornutus, and Tetragnatha laboriosa, respectively. Each spectrum is accompanied by a color coded
pie chart (each color representing a distinct LMMCs compound) showing the details of relative composition of each LMMCs component in

different glues.

3. RESULTS

1. Solution-State NMR of LMMCs Extracts from
Webs. The water-soluble LMMCs extracts (Figure S1) from
the capture silk threads of Latrodectus hesperus, Argiope
trifasciata, Larinioides cornutus, and Tetragnatha laboriosa
were analyzed for organic LMMCs compositions by 'H
solution-state NMR. The spiders selected optimize their glue
adhesion at very different RH and clearly the glue from each
species is a combination of distinct organic LMMCs
combinations ranging from three in Latrodectus hesperus, five
in Tetragnatha laboriosa, six in Argiope trifasciata to seven in
Larinioides cornutus (Figure 2 and Table S1). Across species,
LMMC:s differ not only in the chemical properties but also in
their composition. One or two LMMCs dominated the
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composition of each species, but LMMC identity differed
among species (Latrodectus hesperus: GABamide ~64%;
Argiope trifasciata: N-acetyl putrescine ~34% and isethionic
acid ~27%; Larinioides cornutus: GABamide ~56%; Tetragna-
tha laboriosa: N-acetyl taurine ~46% and betaine ~39%).
Hence, there is tremendous diversity of the LMMCs present in
the glue of spiders.

3.2. Water Uptake of Suspended Pristine Silk
Threads. After establishing the differences in organic
LMMCs compositions among the capture silks of species, we
started with the series of water uptake studies. The capture silk
in its native state is in suspended form where water uptake is a
result of a combination of factors: hygroscopic material,
droplet shape, exposed surface area of glue droplets.
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Immobilizing the glue droplets on the substrate may change
the rate and extent of water uptake.46 Hence, we used
microscopy of suspended glue droplet to measure the water
uptake by glue droplet. Figure 3a—d shows a single glue
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Figure 3. Effect of humidity on the volume of suspended capture silk
droplets. (a—d) Optical images of the single capture glue droplet of
Latrodectus exposed to 10%, 30%, 60%, and 90% RH, respectively.
Scale bar is 50 ym. (e) Normalized increase in volume (%) of pristine
capture silk glue belonging to Latrodectus, Argiope, Larinioides, and
Tetragnatha, as a function of relative humidity. The water uptake
increases with humidity is similar in Larinioides, Argiope, and
Latrodectus, while Tetragnatha was observed to absorb much less
water with humidity at 90% RH. The error bars show +95%
confidence interval and sample size is >15.

droplet of Latrodectus hesperus under increasing humidity.
Notice that the glue droplet size increases significantly with an
increase in humidity. We calculated the glue volume using the
formula described by Liao et al.** and plotted the increase in
volume of pristine glue at each humidity with respect to
volume at 10% RH, in suspended state for the four spider
species (Figure 3e). Clearly, glue of Tetragnatha laboriosa
absorbs significantly less moisture at 90% RH than the other
three species (Figure 3e and Table S2). This observation
supports the spreading and viscosity observation where the
Tetragnatha laboriosa glue shows higher viscosity than the
species from drier habitats tested at 90% RH.'' The
normalized increase in volume of the other three species is
similar (Table S2) but the glue of some species, specially
Argiope trifasciata, shows maximum adhesion around 30—50%
RH" and therefore probably had water present at 10% RH.
ATR-IR measurement of Argiope glue show bound water even
at 0—10% RH (Figure S2). Latrodectus hesperus glue is unique
because its adhesion is constant over 30—90% RH’’ even
though the glue absorbs moisture and shows a ~1000X drop in
viscosity with an increase in humidity. This is unlike the other
orbweb spider species, where adhesion changes with a change
in glue viscosity. Hence, we see a difference in the water uptake
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of native glue threads among species of different habitats. Next,
based on the results of differences in LMMCs compositions
and water uptake of glue threads among species, we tested
whether the diverse LMMCs composition (Figure 2)
modulates the water uptake of glue that matches the adhesion
performance.

3.3. Hygroscopicity of LMMCs. Water uptake studies for
LMMCs were performed in three different ways (Figure la—
c,e). First, to establish the individual hygroscopic response of
the various LMMCs present in glue, water uptake by 12
synthetic organic LMMCs was measured. Past attempts in this
direction were limited to specific LMMCs and only took in
account humidity range until 60% RH.*>*' Here, we present
an extensive analysis of the hygroscopic response of organic
LMMC:s from 30% to 90% RH. Figure S3 and Table S3 show
the normalized water uptake of various organic LMMCs found
in capture silk. The water uptake was normalized to the weight
of the sample at 10% RH. The control sample (aluminum foil)
did not show a significant increase in water uptake upon
increase in environment humidity. The common organic
LMMCs detected in the capture silks across species (Figure 2)
varied in hygroscopic response and were broadly classified as
low, moderate, and high (Figure 4) on the basis of their total
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Figure 4. Classification of organic LMMCs on the basis of
hygroscopicity. Schematic illustrating the major organic LMMCs in
the capture silk across various species. The LMMCs are divided into
less active, moderately active and highly active based on the total
water uptake of synthetic LMMCs at 90% RH.

water uptake capacity at 90% RH. Overall, the water uptake by
LMMCs increases with increase in the humidity, with total
water uptake ranging widely 6—120% at 90% RH for different
organic LMMCs. Low hygroscopic activity LMMCs including
glycine, taurine, and alanine are described as LMMCs, which
overall show inertness to water absorption with low water
absorption (<20% water uptake by mass with respect to mass
at 10% RH) at higher humidity (90% RH). Moderately active
LMMC:s include putrescine, choline chloride, and GABA and
absorb in the range of 40—70% by mass at 90% RH. Highly
active LMMCs include n-acetyl putrescine, n-acetyl taurine,
betaine, GABamide, isethionic acid, and L-proline that absorb
between 80 and 120% by mass (wrt mass at 10% RH) at 90%
RH. Hence, we find a diversity in hygroscopicity of the organic
LMMCs present in glue. Upon exposure to 90% RH, less
active LMMCs maintain their powder form and do not turn
into a liquid pool as seen in case of all of the moderately and
highly active LMMCs. Also, among the LMMCs only choline
chloride and putrescine turn into liquid pools as soon as they
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Figure S. Water uptake of natural LMMCs extracts and synthetic LMMCs mixtures. Figure Sa shows normalized increase in mass (%) of natural
LMMC:s extracts obtained from webs of Latrodectus, Argiope, Larinioides, and Tetragnatha as a function of humidity. Notice that overall the mixture
of LMMCs absorb more water with an increase in humidity across species. Figure Sb shows the comparison of normalized increase in mass (%) for
synthetic LMMCs mixtures species from extreme habitat: Argiope and Tetragnatha. We do not observe a significant difference in water uptake of
mixtures between species at a particular humidity as observed in suspended glue droplets (for statistics, see Table S$4). These observations support
glycoprotein—LMMC:s interaction hypothesis that regulates the water uptake in glue.

are exposed to the external environment (observed at 20—30%

In the second set of experiments, we probed the hygroscopic
strength of natural LMMCs mixtures extracted from capture
silk. The extracted LMMC will have both organic and
inorganic water-soluble components of pristine glue. Figure
Sa shows the water uptake by natural LMMCs extracts of the
four spider species, Latrodectus hesperus, Argiope trifasciata,
Larinioides cornutus, and Tetragnatha laboriosa. The mixtures
present in glue are hygroscopic and increase in water uptake
with increase in humidity. However, at each humidity studied,
we do not see any significant differences among different
species in the water uptake behavior of natural LMMCs
mixtures, unlike the trend observed in pristine silks’ water
uptake (Figure 3; see statistical analysis, Figures S4—56). As an
example, (1) Argiope trifasciata is active at low humidity and
has maximum adhesion at 30% RH."' But its extracted
LMMCs do not show any difference in hygroscopic water
uptake at 30% RH as compared to other species, specifically
Tetragnatha, which has lower adhesion at 30% RH. (2) Unlike
suspended glue droplets, we did not observe a reduced water
absorption for Tetragnatha LMMCs at 90% RH. (3)
Latrodectus hesperus LMMCs extract does not show a
consistent uptake behavior similar in case of its adhesion
over different relative humidity conditions.””

However, it is important to point out that the trend in the
normalized water uptake is challenging to interpret as we are
normalizing with respect to the dry weight at 10% RH.
Spectroscopic data (Figure S2) suggests that water is present at
low humidity in the glue and that different amount of water
concentration could be present in the glue from different
species at 10% RH. Based on the composition found by NMR
analysis and hygroscopic performance of synthetic LMMCs,
we calculated the theoretical mass uptake for each LMMCs
mixture recipe (Figure S7). The mass was calculated by adding
the weighted average of water uptake of individual LMMCs
(eq 1, Table S3) present in the species. The weights were
determined by the proportion of LMMCs composition
detected using solution state NMR (Table S1). Theoretical
water uptake at X%. RH is calculated using the following
equation:
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Total Uptake = Z w X water uptake of n at X% RH
n=1

(1)

where w = % of LMMC from solution state NMR and n =
different LMMCs. We found no significant differences among
the hygroscopic performance of mixtures across species in a set
of humidity conditions.

In the last set of LMMCs experiments, we formulated
synthetic LMMCs mixtures similar to the compositions of
Argiope and Tetragnatha in order to double check the observed
trend in the water uptake of natural extracts. As stated earlier,
Argiope shows maximum adhesion at 30% RH, while
Tetragnatha shows at 90% RH. Clearly no distinction in the
water uptake properties for synthetic LMMCs mixtures is seen
between the two species across the humidity conditions
(Figure Sb and Table S4). The trend is similar as seen in the
natural extracts of the glue belonging to the species of spiders
(Figure Sa). Results pertaining to natural and synthetic
mixtures suggest that the water uptake by LMMCs alone
does not control the glue viscoelasticity and ultimately
adhesion. Thus, we further probed the water uptake by the
glycoproteins.

3.4. Hygroscopicity of Glycoproteins. To understand
the role of glycoproteins in mediating viscoelasticity, we
studied the water uptake of washed capture silk threads and
compared it with the behavior of pristine silk threads in the
presence of humidity. Washing silk with water removes the
LMMCs and leaves the residual glycoproteins.*>*” In absence
of LMMC:s, glycoproteins lose adhesion as seen previously in
our macro and molecular level studies.*>*”*® Figure 6 depicts
the comparison of the hygroscopic behavior of pristine
immobilized silk threads (Figure 2e) with washed silk threads
(Figure 2d) of Argiope trifasciata and Larinioides cornutus. It is
evident that the water uptake is drastically reduced (<20% at
90% RH) for both the species and glue with glycoproteins
alone does not take up water as much as in the presence of
LMMC:s (pristine sample). The behavior of washed glue in the
presence of humidity relates to the loss in adhesion and
reiterates the synergistic play of both LMMCs and
glycoproteins in preserving adhesion of capture silk.
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Figure 6. Water uptake of glycoproteins. Normalized increase in mass
(%) of washed glue (residual proteins) vs pristine glue for Argiope and
Larinioides as a function of relative humidity. The pristine silk which
includes both proteins and LMMCs absorbs significantly more water
across humidities, as compared to washed silk which contains residual
proteins.

4. DISCUSSION

The adhesion of capture silk threads in spider webs depends
on relative humidity and the adhesion is maximum when the
glue absorbs enough moisture to optimize both the interfacial
adhesion and cohesive strength of the glue.'" The humidity
response of capture silk is often linked to the presence of a
cocktail of organic and inorganic hygroscopic LMMCs that are
a part of the water soluble mass of the capture silk. The
humidity at which viscosity is optimized varies greatly across
species’ and this suggest that the differences in the LMMCs in
capture silk of spiders from different habitat explains the
differences in the humidity response of the adhesion forces. We
found diversity in organic LMMCs (Figure 2 and Table S1)
across species spanning different habitats. LMMCs composi-
tion varies among many other spider species in the
literature™*" and that diversity coupled with the hygroscopic
response of synthetic LMMCs (Figures 4 and S3 and Table
S3) suggest at possible inter species differences in the
hygroscopicity of glues. For instance, glues of Argiope and
Larinioides are made up of ~70—75% “high” hygroscopic
compounds, while Tetragnatha glue is ~85—90% “high”
hygroscopic compounds (majorly two highly hygroscopic
LMMCs, betaine, and N-acetyl taurine, see Table S3).

The direct measurements of the hygroscopicity of the
aggregate glue (comprising of both LMMCs and glycopro-
teins) of Argiope and Tetragnatha shows clear differences in
water uptake at 90% RH (Figure 3e). Tetragnatha glue volume
increased only ~40% as compared to ~100—140% increases
for the other three species (Argiope trifasciata, Larinioides
cornutus, and Latrodectus hesperus (Figure 3e and Table S2).
This correlates well with the viscosity response of Tetragna-
tha’s glue, which maintains a higher viscosity until 90% RH,
the humidity where it reaches a maximum adhesion."!

However, on comparing the quantity of water uptake for
both natural and synthetic mixtures, the results are very similar
for all four species investigated here. The water-soluble extracts
from all four species showed water uptake of ~10% for 30%
RH, 35—40% for 60% RH, and 100—130% at 90% RH. No
particular trend is observed specially in the case of Tetragnatha
LMMCs, whose uptake at 90% RH looks similar to the activity
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of LMMCs extracts of other three species. Previous work on
hygroscopicity of water-soluble LMMCs extracts based on
Argiope aurantia and a comparison between Argiope aurantia,
Argiope trifasciata, and Argiope cavaticus have also reported the
water uptake numbers in the similar range over humidity
ranging from 20 to 60% RH.”>*' Moreover, the work by
Townley et al.> reported the water-soluble extract of the three
species differed in the LMMCs compositions, but it was
difficult to distinguish the differences in hygroscopicity of the
webs. Measuring the water uptake of synthetic LMMC
mixtures (Figure Sb) for the two dramatically opposite (in
terms of adhesion and viscosity) performing species, Argiope
and Tetragnatha, we find that the increase in mass of synthetic
LMMCs with humidity was similar in both the species. This
was the same trend we observed using the natural LMMCs
extracts. We have also calculated the theoretical water uptake
based on the hygroscopicity of the individual organic LMMCs
(Figure S7). Interestingly, these theoretical predictions match
the water uptake we measured for the synthetic mixtures,
which is again consistent with our conclusion that the
differences in the hygroscopicity of the LMMCs does not
explain the humidity response of the adhesive glue of Argiope
and Tetragnatha. In addition to the hygroscopicity of the
LMMGC:s, it is also possible that the amount of LMMCs could
be different in Tetragnatha and other three species. We
calculated that Tetragnatha glue is composed of ~50% by
weight in comparison to the weight of the whole web. We
observed the same range of composition for the other three
species (Latrodectus ~ S7%, Argiope ~ 43%, and Larinioides ~
40%). Thus, neither the hygroscopicity of the LMMCs nor the
amount of LMMCs present in the web explain the humidity
response of these four species of spiders. It is clear that the
LMMC s in combination with the glycoproteins show much
more striking differences in water uptake than the LMMCs by
themselves, which supports the second hypothesis that it is an
interactions between LMMCs compounds and the glycopro-
teins, which determines glue hygroscopicity and ultimately the
variation among spider species in adhesion.

There is evidence of molecular interaction between the
LMMC:s and glycoproteins based on adhesion and solid-state
NMR measurements.””*’ For example, glycoproteins present
in glue are sticky in the presence of LMMCs.*”*”*? If the
LMMCs are washed away, glycoproteins became rigid and fail
to take in water (less than 20% at 90% RH; Figure 6). The
solid-state NMR results show differences in mobility of
glycoproteins in the presence and absence of LMMCs.*>*’
Apart from this evidence, there are two major factors that
provide support to the interaction hypothesis. (a) Variation in
glycoprotein chemistry: Glycoproteins present in the capture
silk are composed of two proteins ASG1 and ASG2 deduced
based on cDNA studies.>® Recently, a ~10% variation has been
observed in the sequence of proteins sequence from three
species.”” More evidence for glycoprotein diversity includes the
optical images of the capture threads published by Opell et
al.*® for 17 species orb web weavers indicating the differences
in glycoprotein granule morphology (appearance, shape,
length, width, area and volume). Also, when comparing
capture thread glue produced by orb web weavers (viscid
threads) versus cobweb weavers (gumfoot threads), we found
differences in the morphology of the glycoproteins with viscid
glue assuming core shape structure and gumfoot %lue being
fluid-like and spreading over the underlying fiber.”**” Isolation
of glycoproteins from capture threads is tedious as compared
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to the LMMCs as the glue proteins tend to stick to the
underlying axial thread. Devising strategies to remove
glycoproteins from capture threads to better characterize
their material properties should form the basis of future study.
Nevertheless, our observations provide clues that variation in
glycoproteins is important in interacting with diverse LMMCs
functionalities in glue and ultimately tuning the adhesion
response among species of spiders. (b) Glue viscoelasticity:
During peeling of glue, energy is spent in breaking/deforming
both interfacial bonds and bulk polymer network.*” For
viscoelastic adhesives, such as spider glue, the energy spent in
the bulk can be significantly higher than the energy spent in
breaking interfacial bonds. The viscoelasticity of the glue
determines the energy spent in the bulk during peeling. We
believe that spider glue viscoelasticity is constant and
optimized at the maximum adhesion conditions across spider
species. The glue viscoelasticity is dependent on multiple
variables, including the LMMCs—glycoprotein interactions and
also LMMCs/glycoprotein concentrations. Direct measure-
ment of LMMCs and glycoprotein concentration for glue
droplet for each species is challenging due to limitations in glue
sample collection. However, we used a combination of
gravimetric and optical measurements to infer the protein
concentration (Supporting Information, Text S1). The
calculated protein concentrations vary widely with humidity
and are not similar at the maximum adhesion condition for the
four species. This finding again supports the hypothesis that
these diverse LMMC:s are not just for water uptake but also for
specific interactions with glycoproteins to modulate viscosity
and ultimately adhesion.

Protein—LMMCs interactions form an important part of
various biological mechanisms. Proteins in the presence of
LMMCs, osmolytes or compatible solutes have stabilized
conformational structures.”” LMMCs also mediate the “salting
in” and “salting out” mechanisms by interacting with proteins,
leading to precipitation or crystallization.*" It is likely that the
organic LMMCs are acting as ionic liquids for the
solubilization and stability of glycoproteins. Importantly,
ionic liquids based on choline have been extensively used for
protein dissolution. Inorganic LMMC:s interact with adhesive
proteins produced by marine organisms such as oysters,”’ as
well as in glycoprotein function in synovial fluids.”’ Synthetic
systems such as hydrogels,” electrospun fibers,>> polymer
brushes,”* membranes,®> and more recently adhesive joints56
have also been shown to alter function on the basis of
interaction of LMMCs with macromolecular structures such as
polymers. These studies further support the hypothesis that
LMMC:s in the glue interact directly with glycoproteins and the
water uptake can be modulated by this interactions and the
differences in water uptake between Tetragnatha and other
three species could reflect the differences in the chemical
composition of glycoproteins instead.”’” This study suggests a
need to map out the protein sequences of glycoproteins for
species of spiders from different habitat.

5. CONCLUSION

The present study aimed to better establish the role of
LMMCs in capture silk adhesion. We hypothesized that the
composition of LMMCs present in the glue droplet tune their
water uptake capacity to optimize the viscosity and maximum
adhesion. We found that the glues of Latrodectus hesperus,
Argiope trifasciata, Larinioides cornutus, and Tetragnatha
laboriosa, each of which forages in different microhabitats,
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vary widely in their chemical composition of organic LMMCs.
The water uptake of pristine suspended glue droplets indicated
differences in water uptake with humidity, with Tetragnatha
glue taking up less water at 90% RH as compared to other
species, matching its improved adhesion performance. The
contribution of LMMCs was assessed by quantifying the
hygroscopic performance of synthetic organic LMMCs, natural
LMMCs mixtures, and synthetic LMMCs mixtures. The
synthetic organic LMMCs were found to be hygroscopic and
were classified as low, moderately, and highly active. On their
own, the water uptake behavior of LMMCs mixtures, both
natural and synthetic were found to be inadequate to explain
the humidity responsive adhesion. Finally, glycoproteins in
absence of LMMCs showed a reduced water uptake activity.
These results reiterate the role of LMMC:s in interacting with
glycoproteins to mediate water uptake and capture silk
adhesion. Understanding these interactions of individual
LMMCs moieties with glycoproteins may add to the current
knowledge of role of diverse LMMCs in capture silk, the
natural design of capture silks, silk adhesion mechanism, and
fabrication of similar synthetic mimics.
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